Due to the fact that many cellular proteins are extensively glycosylated, processing and presentation mechanisms are expected to produce a pool of major histocompatibility complex ( 
Introduction
Immunotherapy specific for tumour-associated antigens (TAAs) has become a major field of investigation for the treatment of cancer. The processing, presentation and cellular immunogenicity of TAAs in vitro and in vivo has been assessed in numerous studies. The limited success of peptide-based epitopes applied for mounting cytotoxic immune responses in clinical settings provided a drive for the search of additional, potentially more specific and efficient approaches that could be applied as targets for specific immune modulation and therapy.
During the last decade it has been shown that the repertoire of antigenic structures recognized by T cells is highly diverse and is not limited to peptides only, but also includes glycopeptides, lipids and glycolipids [1] . The extensive glycosylation of the major part of cellular proteins implies that following their processing, glycosylated peptides may be formed and presented on major histocompatibility complex (MHC) class I and II molecules resulting in glycopeptidespecific immune responses.
The principal issues regarding the processing, presentation and immunogenicity of the glycopeptides in comparison to their non-glycosylated counterparts have been studied by several research groups. Synthetic glycopeptides, derived mainly from MUC1 that is heavily glycosylated and overexpressed in a wide range of epithelial tumours [2] [3] [4] [5] , were instrumental tools for studying the possibility of glycopeptide presentation by the MHC molecules and the resulting immunogenicity. Synthetic MUC1-derived glycopeptides were shown to elicit glycopeptide-specific CD8 + T cell responses in cultured splenocytes or following immunization of experimental animals [6, 7] . Accommodation of the glycopeptidic ligands by the MHC peptide-binding groove that is required for mounting these CD8 + T cell responses was assessed using crystallography. In most cases it was shown that the carbohydrate moiety protrudes outside the peptidebinding groove towards the T cell receptor (TCR) [8] . The possible role of glycosyl moieties as anchor groups has been demonstrated recently for a MUC1-derived peptide bearing Thomsen-Freidenreich (T) antigen (Gal-GalNAc) [9] .
Despite the significant scientific efforts to elucidate the details of glycopeptide presentation and immunogenicity, the more clinically orientated aspects of this field remain largely unestablished. It is not determined whether the abundance of the glycosylated peptides presented on the sell surface, and the fine specificity of their recognition by the TCR compared to the non-glycosylated peptides, permit specific recognition and make them a suitable target for anticancer immune responses in experimental animals and humans.
To assess these issues, we studied a panel of MUC1-derived glycosylated and non-glycosylated peptides applying 'humanized' HLA-A*0201-transfected cell lines and transgenic mice. The glycosylation pattern of the MUC1-derived glycopeptides and the length and conformation of the glycosyl side chain is expected to be critical for the interaction with cytotoxic T cells and the resulting immune response [10] Thus, we studied Tn (GalNAc) glycosylated peptides, Tn being one of the most abundant moieties present on MUC1 in cancer cells [11, 12] , and such peptides are expected to be presented on MHC class I molecules by MUC1-expressing cells. To assess the potential clinically orientated aspects of the elicited cytotoxic immune responses, immunogenicity of the MUC1-derived (glyco)peptides was studied in mice that are transgenic for human MHC class I (HLA-A*0201, HHD mice) and human MUC1 (MUC1-HHD mice).
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Cell lines
EL4-HHD is an HHD transfectant of the murine T lymphoma EL4. RMA-S-HHD-B7·1 is a TAP-2-deficient RMA-S lymphoma clone of C57Bl/6 origin transfected with HHD and the murine B7·1 co-stimulatory molecule. D122-HHD (designated as DH) is an HHD transfectant of the poorly immunogenic, low K b -expressor D122 clone of 3LL Lewis lung carcinoma. D122-HHD-pcDNA3·1 (designated as DHmock) is a mock transfectant clone of D122-HHD. D122-HHD-MUC1Y-4 (designated as DH-MUC1Y) is a D122-HHD clone transfected with the short version (MUC1Y) of human MUC1 sequence (lacking tandem repeats). D122-HHD-22TR MUC1 2-4-11 and D122-HHD-22TR MUC1 2-4-6 (designated as DH-MUC1REP low and DH-MUC1REP high , respectively) are transfectants of D122-HHD with the long version of human MUC1 sequence (with 22 tandem repeats). EL4-HHD and RMAS-HHD-B7·1 cells were maintained in RPMI-1640 medium (Sigma, St Louis, MO, USA) supplemented with 10% fetal calf serum (FCS), combined antibiotics and 500 μ g/ml of Geneticin (both from Life Technologies, Rockville, MD, USA).
D122-HHD cells were maintained in DMEM supplemented with 10% FCS, 2 m m l -glutamine, 1% sodium pyruvate, 1% non-essential amino acids (all obtained from Sigma) and combined antibiotics. The D122-HHD transfectants (DH-mock, DH-MUC1Y, DH-MUC1REP  low and DH-MUC1REP high ) were maintained in the medium applied for D122-HHD cells supplemented with 300 μ g/ml Hygromycin B (Calbiochem, San Diego, CA, USA).
Peptide synthesis
Non-glycosylated peptides (see Table 1 ) were synthesized on an ABIMED AMS 422 multiple peptide synthesizer (Abimed, Langenfeld, Germany), employing the a-Nfluorenylmethoxy-cartonyl (Fmoc) strategy following the commercially available manufacturer's protocols. Glycopeptides (see Table 1 ) were synthesized manually applying similar protocol using glycosylated amino acids {Fmoc-LSer[Tn(Ac 4 )]-OH, Fmoc-L-Thr[Tn(Ac 4 )]-OH, obtained from IRIS Biotech, Marktredwitz, Germany} as building blocks for synthesis. For both peptide and glycopeptide synthesis, the peptide chain assembly was conducted on a 2-chlorotrityl chloride resin (Novabiochem, Laufelfingen, Switzerland). Crude compounds were purified to homogeneity by reversed-phase high performance liquid chromatography (HPLC) on a semipreparative silica C-8 column (250 × 10 mm; Lichnosorb RP-8; Merck, Darmstadt, Germany). Elution was accomplished by a linear gradient established between 0·1% trifluoroacetic acid (TFA) in water and 0·1% TFA in 70% acetonitrile in water (v/v). Composition of the products was determined by amino-acid analysis (automatic amino acid analyser; Dionex, Sunnyvale, CA, USA) after extraction acid hydrolysis. Molecular weight was ascertained by mass spectrometry (VG Tofspec; Laser Desorption Mass Spectrometry; Fisons, Manchester, UK).
Human MUC1 gene cloning, expression in pcDNA3·1/ Hygro(+ + + + ) and transfection into D122-HHD cells
The short version of human MUC1 (MUC1Y) was a kind gift from Professor D. Wreshner (Tel Aviv University, Israel) [14] , and the long version of human MUC1 that includes 22 tandem repeats (22TR) was a kind gift from Professor O. Finn (University of Pittsburg, USA) [15] . Each version of MUC1 was transferred into a pcDNA3·1/Hygro( + ) vector (Invitrogen, Groningen, the Netherlands) by polymerase chain reaction (PCR) using primers containing Hin dIII and Xho I restriction sites. For MUC1Y, the stop codon was eliminated and replaced with an HA tag sequence followed by a stop codon. The inserted sequences were verified by sequencing. Plasmid integrity was confirmed by transient transfection into 293T cells followed by Western blot analysis using mouse anti-HA (for MUC1Y) and H23 monoclonal antibodies (mAbs) (for 22TR) and FACS analysis using H23 mAb (for 22TR).
D122-HHD cells were transfected with pcDNA3·1/ Hygro( + )-MUC1 expression vectors using the Lipofectamine reagent (Invitrogen, Life Technologies) in accordance with the manufacturer's protocol. Stable transfectants were selected and cloned in the presence of 300 μ g/ml Hygromycin B (Invitrogen, Life Technologies). The presence of MUC1 transcript and proteins in the selected D122-HHD-MUC1 clones was confirmed by reverse transcriptionpolymerase chain reaction (RT-PCR), Western blot analysis using anti-HA or H23 mAbs (for DH-MUC1Y or DH-MUC1REP clones, respectively) and FACS analysis using H23 mAb (for 22TR).
Peptide loading and measurement of peptide binding by stabilization of cell surface MHC Peptide binding to HHD single chain was measured by stabilization of HHD on RMA-S-HHD-B7·1 cells using an indirect FACS analysis. Cells, 5 × 10 5 /sample, were incubated overnight at 26 ° C in Opti-MEM I medium with (glyco)peptides or control peptides (20 nmol/ml) or vehicle, followed by incubation for 3 h at 37 ° C (not applied for PAP3 and vehicle controls). HHD expression on the cell surface was determined by direct FACS analysis using α human leucocyte antigen (HLA-ABC)-fluorescein isothiocyanate (FITC) antibody, FACScan apparatus and Cellquest Software (Becton Dickinson, San Jose, CA, USA).
Generation of murine bone marrow-derived dendritic cells
The procedure described by Lutz et al . [16] was applied with some minor modifications. Bone marrow from femurs and tibiae from 4 to 6-week-old HHD male mice was flushed with phosphate-buffered saline (PBS). The bone marrow cells (5 × 10 6 ) were cultured in 100 mm bacteriological Petri dishes (Falcon, Becton Dickinson, Heidelberg, Germany) in 10 ml DC medium (RPMI-1640 supplemented with 2 mM l -glutamine, 50 μ M 2-mercaptoethanol, combined antibiotics (all from Sigma) 10% FCS and 40 ng/ml recombinant murine granulocyte-macrophage colony-stimulating factor (GM-CSF) (Prospec, Rehovot, Israel). On day 3, an additional 10 ml of DC medium containing 40 ng/ml GM-CSF were added to each plate. On day 6, half the culture supernatant was replaced with fresh DC medium containing 40 ng/ml GM-CSF. On day 8 non-adherent cells were collected, centrifuged at 300 g for 5 min at room temperature (RT), resuspended in 10 ml fresh DC medium containing 20 ng/ml GM-CSF and seeded into 100-mm tissue culture plastic dishes (Falcon, Germany). On day 9, 10 ml fresh DC medium containing 20 ng/ml GM-CSF was added together with lipopolysaccharide (LPS) (Sigma, Rehovot, Israel, to a final concentration of 1 μ g/ml). On day 10, non-adherent cells were harvested and used for vaccination. FACS analysis 
indicated that the harvested cells exhibited typical characteristics of mature DCs ( > 95% were CD11c + , CD80 + low , CD86 low , MHC II high ).
Vaccination
HHD mice were immunized intraperitoneally (i.p.) three times at 7-day intervals with 2 × 10 6 irradiated (5000 rads) peptide-loaded RMA-S-HHD-B7·1 or with 1·5 × 10 6 (glyco)peptide-pulsed (100 μ M for 2 h at 37 ° C) dendritic cells.
In vitro cytotoxicity assays
HHD mice were immunized as described above. In all vaccination modes, spleens were removed on day 10 after the last immunization and cell suspensions were prepared. A third part of the splenocyte suspension was pulsed with 100 μ M synthetic (glyco)peptides for 2 h at 37 ° C, and then added to the rest of the splenocytes. Cultures were incubated for 5 days in lymphocyte medium (RPMI medium supplemented with 25 m M HEPES pH 7·4, 10% FCS, 2 m M glutamine, 1 m M sodium pyruvate, 1% non-essential amino acids, 5 × 10 − 5 M 2-mercaptoethanol and combined antibiotics, all from Life Technologies). Viable effector lymphocytes were separated by Lympholyte-M (Cedarlane Laboratories Ltd, Hornby, Ontario, Canada) gradients, resuspended in lymphocyte medium and admixed at different ratios with 5000 35 S-methionine-labelled target cells. Cytotoxic T lymphocyte (CTL) assays were carried out as described previously [17] in four to eight effector-to-target ratios, ranging from 100 : 1 to 12·5 : 1, or 100 : 1-0·78 : 1. Percentage of specific lysis was calculated as follows: % lysis = [counts per min (cpm) in experimental wells − cpm spontaneous release)/(cpm maximal release − cpm spontaneous release] × 100%.
Immunotherapy of tumour-bearing mice
HHD mice (8-10 per group) were challenged subcutaneously (s.c.) with 1 × 10 6 D122-HHD-MUC1 tumour cells (DH-MUC1Y or DH-MUC1REP low clones). Twelve days later, when tumours reached 2-3 mm in diameter, mice were immunized by injecting peptide-loaded DCs, as described above. Each group was immunized three times at 7-day intervals. Tumour diameter and survival of mice were monitored.
Statistical analysis
The data obtained in the MHC stabilization assays and CTL assays were analysed by one-way anova . Analysis of tumour growth and survival differences was performed using the log-rank test.
Results
Glycosylation of peptide with Tn epitope does not necessarily interfere with peptide-MHC binding
To assess the influence of glycosylation with Tn moiety on binding of the resulting glycopeptide to HLA-A*0201 molecules, we applied MHC stabilization assays using the murine TAP-2 deficient, HLA-A*0201-transfected RMA-S cells (RMA-S-HHD-B7·1) that exhibit low levels of endogenous peptide presentation. External loading of the studied compounds followed by incubation at 37 ° C and FACS determination of HLA-A*0201 provide an indirect mean to determine the affinity of the studied compounds because at these conditions only peptide-bound MHC class I molecules are stable and are present on the cell surface.
The outcome of the MHC stabilization assays indicates that peptide A7 possessed the least binding affinity for HLA-A*0201 (see Fig. 1 ), and glycosylation of A7 with a Tn moiety did not increase significantly the HLA-A*0201 binding. Fig. 1 . Glycosylation of peptide with Tn epitope does not necessarily interfere with peptide-major histocompatibility complex (MHC) binding. TAP2-deficient RMA-S-HHD-B7·1 cells were incubated overnight at 26 ° C in Opti-MEM I medium with (glyco)peptides or control peptides (20 nmol/ml) or vehicle, followed by incubation for 3 h at 37 ° C (apart from PAP3 control that was incubated at 26 ° C). Direct FACS analysis was performed using α HLA-ABC-FITC antibody. Mean ± s.d. data of three experimental sets are presented. * P < 0·05 by one-way anova analysis. B5 group E6 group Controls * * * For B5, that exhibited moderate affinity to HLA-A*0201, glycosylation at the serine residue resulted in substantial decrease in HLA-A*0201 binding. On the other hand, both S-E6 and T-E6 showed moderate HLA-A*0201 binding that was higher than or comparable to that of the parent compound (for S-E6 and T-E6, respectively). It should be noted that all the studied (glyco)peptides are characterized by limited affinity to HLA-A*0201, in comparison to the control compounds D6 and PAP3. Prolonged incubation of the studied (glyco)peptides, but not of D6 and PAP3, with RMA-S-HHD-B7·1 cells (> 12 h) was required in order to determine the differences in HLA-A*0201 binding (preliminary data with 3-4 h incubation periods are not shown).
The results of the MHC stabilization assays indicate that the small-size Tn group attached to the central part of the peptide, may be accommodated in some cases within the HLA-A*0201 peptide-binding groove, enabling the presentation of glycopeptide by the HLA-A*0201 molecules.
(Glyco)peptide-induced CTL responses in HHD mice
In order to determine the immunogenicity of the glycoepeptides compared to the non-glycosylated peptides, we applied the 'humanized' HHD mouse model. Immunization of the experimental animals with (glyco)peptide-loaded RMA-S-HHD-B7·1 cells induced limited CTL responses for most of the compounds studied (see Fig. 2a ). Only immunization with E6 and S-E6-loaded cells resulted in expansion of CTL pools that lysed effectively the target cells loaded with the corresponding (glyco)peptide. Selective CTL responses were induced, as the resulting CTLs did not exhibit significant cross-reactivity towards the glycosylated and nonglycosylated forms of the same peptide. Interpretation of the experimental results was hampered by the high background of the control groups (killing of the PAP3-loaded target cells by the elicited CTLs; see, e.g. for S-E6 panel).
Both PAP3 (irrelevant peptide) and D6 (MUC1-derived peptide) controls were highly immunogenic in HHD mice (see Fig. 2a ), indicating that the CTL clones that were able to recognize the studied peptides were not subject to clonal deletion, and the limited immunogenicity of the studied compounds derives most probably from inefficient immunization/interaction with TCR and not from the central immunotolerance.
Immunization of HHD mice with (glyco)peptide-loaded autologous DCs resulted in generally higher cytotoxic immunogenicity with lower background effects compared to that obtained after immunization with (glyco)peptideloaded RMA-S-HHD-B7·1 cells (see Fig. 2b versus 2a) . The experimental results showed a similar trend with high immunogenicity of the control compounds (PAP3 and D6), and no substantial cytotoxic responses for A7 and B5 peptides and their glyco-derivatives. On the other hand, the E6 peptide and its glyco-derivatives (S-E6 and T-E6) showed a substantial degree of cytotoxic immunogenicity with a high degree of cross-reactivity of the resulting CTLs towards the glycosylated and non-glycosylated forms of the same peptide.
Overall, the outcomes of immunization of HHD mice show that (glyco)peptides are more immunogenic when loaded onto DCs compared to the RMA-S-HHD-B7·1 cells (see E6 and its derivatives). The pattern of the cytotoxic immunogenicity of the studied compounds seems to reflect their affinity to the HLA-A*0201, with A7 and its glycoderivatives being the low binders and the least immunogenic compounds, while higher-binding E6 and its glycoderivatives being moderately immunogenic. Significant cross-reactivity of the elicited CTLs against the glycosylated and non-glycosylated forms of the same peptide indicates that cross-reactive pools of CTLs are activated in both cases and/or limited effect of the glycosyl moiety on the specificity of recognition of the glycopeptide-HLA-A*0201 complex by the TCR (for a single CTL clone).
Lack of specific lysis of MUC1-expressing cells by CTLs raised against the studied (glyco)peptides
In order to determine whether MUC1-derived (glyco)peptides could serve potentially as specific targets for cytotoxic immunotherapy in vivo, we performed CTL assays applying CTLs elicited by immunization of HHD mice with (glyco)peptide-loaded autologous DCs to MUC1-expressing D122-HHD tumour cell lines as target cells. No selective lysis of the MUC1-expressing clones versus the control mock-transfected clone was obtained (data not shown). The studied cell lines showed extensive HHD expression (all the cell lines) and MUC1 expression (DH-MUC1Y, DH-MUC1REP low , and DH-MUC1REP high ) on the cell surface (data not shown). Thus, MUC1-expressing cell lines were expected to present MUC1-derived peptides in the context of HHD molecules that could serve as targets for CTLmediated cell killing. Lack of selective killing of MUC1-expressing clones by the CTLs may be related to the limited immunogenicity of the studied compounds, or to the low extent of presentation of MUC1-derived peptides.
The (glyco)peptides showed comparable cellular immunogenicity in MUC1-HHD mice and HHD mice
Next, the influence of endogenic MUC1 expression on the resulting cellular immunogenicity of (glyco)peptides was studied in order to generate the experimental settings that resemble as close as possible the patterns of MUC1 expression by the tumour and normal tissues of cancer patients. To this end, we assessed the cellular immunogenicity of MUC1-derived glycopeptides in MUC1-HHD mice in comparison to HHD mice applying a panel of E6-derived compounds. MUC1-HHD mice were bred from MUC1 mice that show wide expression of MUC1 by epithelial tissues, and the PAP3   PAP3   D6   90  80  70  60  50  40  30  20  10  0  1  100  10   S-A7   90  80  70  60  50  40  30  20  10  0  1  100  10   T-A7   90  80  70  60  50  40  30  20  10  0  1  100  10   B5   90  80  70  60  50  40  30  20  10  0  1  100  10   S-B5   90  80  70  60  50  40  30  20  10  0  1  100  10  90  80  70  60  50  40  30  20  10  0  1  100  10   E6   S-E6   90  80  70  60  50  40  30  20  10  0  1  100  10   T-E6   90  80  70  60  50  40  30  20  10  0  1  100  10   D6   90  80  70  60  50  40  30  20  10  0  1  100  10   PAP3 patterns of MUC1 glycosylation by the tumour and normal tissues are expected to resemble those observed in MUC1-expressing carcinoma patients [18] .
At higher effector-to-target ratios, E6-derived (glyco)peptides showed similar cellular immunogenicity in MUC1-HHD mice and HHD mice (see Fig. 3 ). At lower effector-totarget ratios, E6 and S-E6 showed higher cellular immunogenicity in HHD mice than in MUC1-HHD mice. On the other hand, both control peptides (irrelevant, PAP3; and MUC1-derived, D6) showed similar immunogenicity in MUC1-HHD mice and HHD mice at all the applied effectorto-target ratios. These outcomes indicate that MUC1 expression by normal tissues do not abolish the cytotoxic immunogenicity of MUC1-derived (glyco)peptides. The CTLs that are able to recognize the studied MUC1-derived (glyco)peptides do not undergo clonal deletion in MUC1-HHD mice and could be activated and proliferated following immunization with (glyco)peptide-loaded DCs.
MUC1Y-expressing tumour growth was unaffected by immunotherapy with (glyco)peptide-loaded DCs
In order to assess the clinical potential of the studied (glyco)peptides as targets for immunotherapy of established MUC1-expressing tumours, we studied the survival of tumour-bearing mice upon therapeutic vaccination with (glyco)peptide-loaded DCs. HHD mice were inoculated s.c. with tumorigenic doses of tumour clones expressing the short or the long version of MUC1 molecule (DH-MUC1Y, or DH-MUC1REP low , respectively) and the immunizations were commenced after the tumours become palpable (2-3 mm diameter). Results of this experiment did not show 
Discussion
In this study we analysed systematically the effects of Tn moiety on the immunogenicity of specific MUC1-derived glycopeptides. The objective was to apply the experimental settings that represent the characteristics of glycopeptidemediated immune response in MUC1-expressing tumourbearing host characterized by HLA-A*0201-restricted presentation.
For this purpose, we have applied a panel of MUC1-derived peptides with Tn epitope moiety that is expressed abundantly on the MUC1 molecules in tumour cells and may potentially be applied as a target for tumour immunotherapy. Normal epithelia, on the other hand, express larger branched sugar moieties. The choice of the specific peptides was based on our previous studies of MUC1-derived peptides, that showed limited, medium and high immunogenicity for B5, A7 and E6 peptides, respectively [17] . The selected peptides included serine or threonine residues in nonanchor positions that were suitable for O-glycosylation. Glycosylation at these positions was expected to be tolerated from the point of view of the MHC binding (to HLA-A*0201 molecule), while the conformation of the sugar moiety pointing towards the TCR was expected to increase the probability for specific recognition of the presented glycopeptide by a pool of TCR molecules, in comparison to the nonglycosylated peptide, that is required for mounting of efficient specific CTL responses.
As expected, for most of the studied compounds, glycosylation with Tn (GalNAc) moiety at non-anchor positions within the peptide did not affect significantly the binding to the HLA-A*0201 molecule (see Fig. 1 ), implying that the Tn moiety pointed outwards of the peptide-binding groove. In a single case, for S-B5 glycopeptide, the binding to HLA-A*0201 molecule was reduced significantly in comparison to the non-glycosylated B5 peptide indicating that the residue is not readily accommodated within the peptide-binding groove.
The next step was to assess the immunogenicity of the glycopeptides versus the non-glycosylated peptides following immunization of experimental animals with (glyco)peptideloaded antigen-presenting cells. These experimental settings were expected to provide the basic information regarding the differential activation of the class I-derived T cell repertoire to HLA-A*0201-loaded (glyco)peptides and the crossreactivity of the resulting cytotoxic cells towards nonglycosylated and glycosylated peptides. For this purpose we utilized the HHD mouse model that combines HLA transgenesis (HLA-A*0201/D b -β 2 m single chain) with selective knock-out of murine H-2 (double knock-out deletion of the murine β 2 m and D b genes) and reduces the T cell repertoire to HLA-A*0201-restricted cells [13] . The functionality and relevance of the HHD model for identification of HLA-A*0201-restricted peptides has been demonstrated in previous studies by our and other research groups [17, 19, 20] . Immunization of HHD mice with (glyco)peptide-loaded RMA-S-HHD-B7·1 cells resulted in low cytotoxic immunogenicity for most of the experimental groups, while the same experimental setting using autologous DCs induced enhanced CTL responses (see Fig. 2 ). We concluded that the cytotoxic immunogenicity of the studied (glyco)peptides may be relatively limited (due apparently to a relatively low HLA-A*0201 binding) and requires the most efficient immunization settings. Because the DCs are better suited for efficient presentation and activation of cytotoxic T lymphocytes, the next experiments applied immunization with (glyco)peptide-loaded DCs.
Outcomes of CTL induction with (glyco)peptide-loaded DCs demonstrated that, for the panel of the studied peptides, moderate or higher affinity of the peptide to the HLA-A*0201 molecule was a prerequisite for effective induction of CTL responses. Peptides that showed limited affinity in the MHC stabilization assay (A7 and its glycoderivates, S-B5) were unable to mount effective CTL responses. On the other hand, peptides with moderate and high HLA-A*0201-binding affinity induced efficient CTL responses against EL4-HHD cells loaded with the immunizing peptide (see Fig. 2b ).
For the immunogenic peptides, the elicited CTLs were characterized by a substantial cross-reactivity towards the glycosylated and non-glycosylated forms of the same peptide. This finding indicates that small-size Tn epitope may be insufficient for a significant discrimination between the different forms of the same peptide by the TCR, resulting in activation of cross-reactive pools of CTLs. This finding has profound implications for the purpose of cytotoxic immunotherapy of MUC1-expressing tumour cells. As a result, glycopeptides with Tn moieties may be insufficiently distinct to be applied as specific targets for mounting an anti-tumour immune response, and the elicited CTLs will have the ability to recognize the non-glycosylated peptides presented by the tumour cells, as well as by the normal MUC1-expressing cells.
The results of the cross-reactivity of the elicited CTLs are consistent with the results of previously studied model glycopeptides O-glycosylated with Tn versus T epitopes (monosaccharide GalNAc versus disaccharide Gal-GalNAc) [7] . Immunization with these glycopeptides elicited CTLs that showed significant cross-reactivity against Tn or Tglycopeptide-loaded EL4 target cells. Taken together, these results imply that a monosaccharide or disaccharide moiety attached to the peptide may be insufficient for selective recognition by a separate pool of the CTLs. Additional studies are required to assess whether such selective recognition can be attained by bigger sugar moieties. However, bigger and bulkier residues may decrease the affinity of the resulting glycopeptide to the MHC molecule, and prevent binding of the TCR molecule to the glycopeptide-MHC complex, thus abolishing the induction of CTL response.
At the next step we assessed whether endogenous MUC1 expression by the experimental mice affects the CTLs pools induced by immunization with (glyco)peptide-loaded DCs. As endogenous MUC1 is expressed by most of the epithelial tissues, this issue has a profound significance for mounting a specific cytotoxic antitumour immune response against MUC1-expressing tumours in clinical settings. To assess the effects of endogenous MUC1 expression in our experimental settings, we applied MUC1-HHD transgenic mice that were bred from the HHD and MUC1 transgenic mice. MUC1 transgenics were shown previously to express MUC1 in an organ-dependent fashion that is similar to that observed in human subjects [18] . The CTLs elicited in the MUC1-HHD mice were able to lyse efficiently the (glyco)peptide-loaded EL4-HHD target cells, while the killing efficiencies were somewhat reduced compared to the CTLs elicited in the HHD mice (see Fig. 3 ). This finding indicates that endogenous expression of MUC1 did not result in clonal deletion of the CTLs directed against the studied (glyco)peptides in the MUC1-HHD mice. The presence of MHC class I-restricted MUC1-specific CTLs in tumour-bearing MUC1 transgenic mice has been demonstrated previously by Mukherjee et al. [21] . The differences in killing efficiencies between the CTLs elicited in HHD and MUC1-HHD mice are consistent with the previous reports of peripheral CTL tolerance against MUC1-derived epitopes in MUC1-transgenic mice [21, 22] . The CTL tolerance phenomenon did not affect the general patterns of cross-reactivity of the elicited CTLs towards the glycosylated and non-glycosylated forms of the same epitope that were similar in HHD and MUC1-HHD mice (see Figs 2  and 3a) .
To elucidate the potential of the MUC1-derived glycopeptides as targets for specific antitumour responses we studied the lysis of MUC1-expressing tumour cells by the elicited CTLs in vitro, and established therapeutic MUC1-expressing tumour models in HHD mice. Clone D122-HHD, a low K bexpressor derived from 3LL Lewis lung carcimoma [23] and transduced to express modified HLA-A*0201 molecules, was applied as a tumour model. The D122-HHD cells were transfected with the MUC1 cDNA (the short or long version of MUC1 molecule; MUC1Y or MUC1REP, respectively), and the resulting D122-HHD-MUC1 transfectants, that were tumorigenic upon s.c. challenge of 1 × 10 6 cells, were applied as targets for in vitro CTL assays and for active immunization experiments.
Unfortunately, no selective lysis of D122-HHD-MUC1 transfectants has been obtained in vitro using CTLs elicited against (glyco)peptides, and in vivo following active immunization using (glyco)peptide-loaded DCs (data not shown). The functionality of the CTLs has been demonstrated in the previous experimental sets by successful lysis of (glyco)peptide-loaded EL4-HHD target cells, although these cells present non-physiologically high amounts of (glyco)peptide-HLA-A*0201 complexes on their cell surface that are not representative of the amounts of the corresponding targets on the MUC1-expressing tumour cells in vivo. The HLA-A*0201 and MUC1 expression by the D122-HHD-MUC1 transfectants, that is a prerequisite for a successful HLA-A*0201-restricted presentation of MUC1-derived peptides, has been confirmed using reliable experimental techniques (see Methods and Results). Thus, inability of the CTLs to lyse D122-HHD-MUC1 transfectants in in vitro CTL assays and in active immunization experiments could be attributed to: (1) low abundance of the specific MUC1-derived peptides presented on D122-HHD-MUC1 transfectants, (2) activation of evasion mechanisms by the D122-HHD-MUC1 transfectants in vitro and in vivo due to MUC1 expression or via additional mechanisms and/or (3) limited functionality of the elicited CTLs that could effectively lyse the target cells with extremely high abundance of the target (glyco)pep-MHC complexes (external loading of the (glyco)peptides).
Unfortunately, we could not discriminate between these possibilities because the abundance of specific MUC1-derived peptides (i.e. E6, S-E6, T-E6, etc.) on the D122-HHD-MUC1 transfectants cannot be measured readily. This measurement can be performed generally using sophisticated analytical detection systems (LC-MS-MS), but it is extremely difficult to be attained due to the complexity of glycosylation patterns, low abundance of the specific glycopeptides and technical difficulties to discriminate between the specific glycosylated derivatives of the same peptide (e.g. Glc versus Gal-residues). Due to a combination of these reasons, the data regarding the actual presentation of the glycopeptides is very scarce. A specific study that assessed the fate of glycosylated residues during glycopeptide processing and presentation showed that presentation of MUC1-derived peptides on MHC class II following cross-presentation by DCs may proceed without removing the complex carbohydrate moieties [24] . In this study, a glycopeptide-specific hybridoma that recognizes a tumour-specific glycopeptide bearing a Tn antigen and fluorescently labelled lectin that specifically binds Tn antigen were applied for detection of cell-surface bound Tn containing structures. These methods could not be applied readily for the purpose of our study as D122-HHD-MUC1 transfectants are characterized by a high background of Tn expression on the cell surface due to the presence of extensively glycosylated transmembranal MUC1 molecules.
It seems that, secondary to HHD and MUC1 expression by the D122-HHD-MUC1 transfectants, the processing and presentation of MUC1 should have resulted in HLA-A*0201-restricted presentation of a certain amounts of specific nonglycosylated peptides that were assessed in this study (E6, B5, A7, D6). In addition, it is expected that the studied glycosylated peptides were also presented to a certain extent in HLA-A*0201-restricted fashion by the D122-HHD-MUC1 transfectants. However, lack of specific lysis by the elicited CTLs indicates that the studied glycosylated and non-glycosylated MUC1-derived peptides appear not to be the suitable targets for effective and specific anti-tumour therapy of MUC1-expressing tumours.
Based on the outcomes of this study, and on available knowledge on the antigen processing and CTLs activation mechanisms, it seems that glycosylated peptides in most cases would serve as inferior targets for anti-tumour therapy compared to the non-glycosylated peptides. Despite the fact that most of the proteins are heavily glycosylated and there are distinct patterns of glycosylation in tumour cells versus the normal cells, a major part of the presented peptides derives from the newly synthesized non-glycosylated protein molecules that did not pass through Golgi and endoplasmic reticulum where glycosylation takes place. An additional source of the presented peptides, degradation of the glycosylated proteins at the end on their life span, is expected to result in a low extent of MHC class I-restricted glycopeptide presentation compared to the corresponding peptide due to: (1) partial glycosylation of the amino acid backbone (i.e. only part of the potential glycosylation sites are actually glycosylated); and (2) part of the glycopeptide residues are expected to be cleaved during the glycopeptide processing. In addition, due to a highly variable glycosylation pattern, the presented glycopeptides are expected to bear different glycosylation moieties, and mounting an immune response against specific glycopeptide means that only a small fraction of the presented glycopeptides will serve as potential targets for the cellular immune response. Nevertheless, it is possible that in certain cases a specific glycopeptide may serve as a specific target for cytotoxic immune therapy in the case that the combination of MHC binding and specific cytotoxic immunogenicity for this glycopeptide will overweight the low efficiency of its presentation and will permit selective cytotoxic responses targeted against the cells presenting such peptide.
We conclude that Tn glycosylation of the studied peptides did not increase their cellular immunogenicity. Peptides glycosylated with a small-size Tn epitope did not offer significant benefits as targets for cytotoxic immune response due to a high degree of cross-reactivity of the elicited CTLs against the glycosylated and nonglycosylated forms of the same peptide. Glycosylation with larger-size (e.g. disaccharide or trisaccharide) sugar moieties may permit specific recognition of such glycopeptides by the CTLs. However, glycosylated peptides in most cases seem to be inferior targets for CTL-mediated specific cytotoxic immune responses due to the low abundance of MHC class I-restricted presentation of specific glycopeptides. On the other hand, Tn and related glycosyl groups could serve as a target for humoral immune responses, as have been demonstrated in numerous studies [25, 26] , but the clinical relevance and efficiency of antibody-based therapy against MUC1-expressing tumours is not clear.
